Currently, the measures to control pest infestation in grain and dry food products as well as quarantine treatments rely heavily upon the use of toxic fumigants and contact insecticides, which pose possible health hazards and risk of environmental contamination. This situation has led to the search for potential safe phyto-chemicals as alternatives to replace the toxic fumigants mainly methyl bromide and other pesticides for insect control.
INTRODUCTION
The protection of agricultural products in storage against insect attack is essential for the safe and steady supply of food and animal feed. Insect damage in stored grains and pulses may amount to 10-40% or even higher in countries where modern storage technologies have not been introduced. Currently, the measures to control pest infestation in grain and dry food products rely heavily upon the use of toxic fumigants and contact insecticides, which pose possible health hazards (to warm-blooded animals) and a risk of environmental contamination. Fumigation is still one of the most effective methods for the protection of stored food, feed stuffs and other agricultural commodities from insect infestation. At present only two fumigants are still in use: methyl bromide and phosphine. Methyl bromide has been identified as a contributor to ozone depletion (WMO, 1995) , and it will be phased out in 2005 in developed countries. As for phosphine, which is widely used today, there are increasing reports on resistance of storage pests to this fumigant (Nakakita and Winks, 1981 , Mills, 1983 , Tyler et al., 1983 . Resistance will probably cause to discontinuation of phosphine use as fumigant in several countries in the near future. In addition the U.S. Environmental Protection Agency has classified DDVP, (2-2-dichlorovinyl dimethyl phosphate), which in use in space treatment, as a possible human carcinogen and it is proposing to cancel most uses of the pesticide (Mueller, 1995) . Moreover, the present trends in international food legislation have placed greater and greater limitations on the use of toxic chemicals in food products. There is also an increasing consumer interest in wholesome natural foods free of chemical toxicants. This situation has led to the search for natural compounds for the control of insects. Thus, there is an urgent need to develop safe alternatives with the potential to replace the toxic fumigants and other pesticides, which should be simple and convenient to use.
During centuries, traditional agriculture in developing countries has developed effective means for insect pest control using botanicals. Their efficacy and optimal use needs to be assessed in order to make these cheap and simple means of insect control available to users. Aromatic plants contain volatile compounds, which are known to possess insecticidal and insect-repellent activities. These allelochemical compounds are mainly essential oils (Brattsten, 1983 , Schmidt et al., 1991 , Shaaya et al., 1991 , 1998 . Their high volatility makes it possible to extract the oils by water or steam distillation. Most of the essential oil constituents are monoterpenoids, which are secondary plant chemicals and considered to be of little metabolic importance. Among the first observation on the biological activity of essential oils was the resistance of the Scotch pine to flat bugs which was related to the high content of the essential oils in the bark (Smelyanets and Khursin, 1973) .
The toxicity of a large number of essential oils and their constituents has been evaluated against a number of stored-product insects. The essential oils of Pogostemon heyneanus, Ocimum basilicum and Eucalyptus spp. showed insecticidal activity against Sitophilus oryzae, Stegobium paniceum, Tribolium castaneum and Callosobruchus chinensis (Desphande et al., 1974, Deshpande and Tipnis, 1977) . Toxic effects of the terpenoids d-limonene, linalool and terpineol were observed on several coleopterans damaging post-harvest products (Karr and Coats, 1988 , Coats et al., 1991 , Weaver et al., 1991 . Fumigant toxicity and reproductive inhibition induced by a number of essential oils and their monoterpenoids were also evaluated against the bean weevil Acanthoscelides obtectus and the moth Sitotroga cerealella (Klingauf et al., 1983, Regnault-Roger and Hamraoui, 1995) . EI-Nahal et al. (1989) studied the toxicity of the essential oil Acorus calamus, on adults of a number of stored-product insects. This oil was also found to cause reduction in fecundity and regression in the terminal follicle of the vitellarium in treated females of T. castaneum, S. oryzae, C. chinensis and Trogoderma granarium (Saxena et al., 1976) . Coats et al. (1991) evaluated the toxicity of the monoterpenes linalool, d-limonene, myrcene and α-terpineol against S. oryzae. A number of essential oils extracted from various spices and medicinal plants of the Mediterranean area were also found to be active against S. oryzae, R. dominica, O. surinamensis and T. castaneum (Shaaya et al., 1991) . Klingauf et al. (1983) studied the fumigant toxicity of 16 essential oils against Acanthoscelides obtectus. Rosmarin and caraway oils were found most effective. It should be noted that all these studies were conducted as experimental space fumigation. To the best of our knowledge no study has been reported previously concerning the activity of these compounds as fumigants in infested grain.
The mechanism of the toxic effect of the essential oils is not yet clear. Ryan and Byrne (1988) reported that linalool inhibit the enzyme acetylcholinesterase (AChE). In our studies (Greenberg et al., 1993) , we could show that a number of monoterpenes are competitive inhibitors for AChE of R. dominica and T. confusum. Moreover, there is a correlation between the relative toxicity of the oils and the relative inhibition of the enzyme activity in the tested insects. The failure of the biologically active terpenes to produce strong enzyme inhibition in vivo and in vitro, leads to postulate that the enzyme AChE is not the main site of action of the monoterpenes (Greenberg et al., 1993) . Neurotoxicity of several terpenes was also studied (Coats et al., 1991) .
In our previous studies the fumigant toxicity of around 50 essential oils extracted from various aromatic plants and some of their major constituents were assessed for adult, larvae, pupae and eggs of coleopterans R. dominica, O. surinamensis, T. castaneum, and S. oryzae and lepidopterans E. cautella and P. interpunctella. We could show that the biological activity of these oils is insect stage and species specific. Several compounds were found to be active fumigants at low concentrations against these insects (Shaaya et al., 1991 , 1993 , 1994 , 1998 . A number of essential oils were also found very active in the control of quarantine insects attacking cut flowers, Bemisia tabaci (whitefly) and Frankliniella occidentalis (thrips) (Shaaya, 1998 , Kostyukovsky et al., 1998 , 2000 , Kostyukovsky and Shaaya, 2000 .
MATERIALS AND METHODS

Studies with Stored Product Insects
The test insects were laboratory strains of S. oryzae, T. granarium and R. dominica, which were reared on hole grains of soft wheat, O. surinamensis, E. cautella and P. interpunctella on ground wheat with added glycerin and yeast, T. castaneum on wheat flour. All the insects were bred at 28 ºC and 70% relative humidity. The most active compounds were tested against various developmental stages, adults, eggs, larvae and pupae.
The essential oils were obtained from leaves and stems of fresh plants grown or cultivated in Israel by steam distillation (Marcus and Lichtenstein, 1979) . The main essential oil components were isolated by using a flash chromatography technique (Still et al., 1978) or were purchased commercially.
For these studies essential oils from anise (Pimpinella anisum
, sweet bay laurel (Laurus nobilis L.), three lobed sage (Salvia fruticosa Mill.), thyme (Thymus vulgaris L.), SEM-76 (Labiatae spp.) and essential oils constituents: carvacrol 99% (Aldrich), p-cymene 96% (Aldrich), 1.8-cineole 99% (Aldrich), eugenol 99% (Roth), isoeugenol 98% (Aldrich), d-limonene (Sigma), linalool 99% (KO), safrole 97% (Aldrich), α-terpineol 98% (Aldrich), γ-terpinen 95% (Aldrich), terpinen-4-ol 97% (Aldrich) and monoterpene ZP51 from Labiata spp. were tested.
Two types of fumigant toxicity tests were conducted to evaluate the fumigant biological activity of the test material.
I. The first screening was space fumigation, in chambers which were developed in our laboratory (Shaaya et al, 1991) comprising 3.4 liter glass flasks with flat bottom and closed with a glass stopper with a septum for taking gas samples for the measuring of gas concentration fitted with a hook. The insects were placed in specially designed cages, perforated with small holes to allow for even distribution of gases. The materials tested were applied to a small piece of filter paper (Whatman, No.1) and suspended together with the test insects by the hook in the fumigation chamber. To obtain even distribution of the gases during treatment, a magnetic stirrer was used for the duration of the treatment. Twenty adult insects of each species, aged 10-15 days or larvae and pupae were placed in each of the three cages (4 cm in length and 1.5 cm in diameter). Small amount of ground wheat was placed in each cage. 50-100 eggs were placed in open-topped round vessels with a flat bottom (1.5 cm in diameter). Treatments were carried out for 24 h as standard test. Final adult mortality was calculated 72 h from the end of the treatment period. Correction for control mortality was done using the Abbott formula (Abbott, 1925) .
II. Pilot tests with the promising compounds were carried in simulation glass columns, 10 cm in diameter x 120 cm in height, filled to 70% volume with grain. Each column were fitted with Mininert valves at different heights for taking gas samples and also with openings in the upper and lower part of the column to facilitate gas circulation by the help of air pump. This bioassay is of importance to obtain data on the rate of sorption of the compounds in the fumigated grain. It should be mentioned that the rate of sorption of fumigants is an important parameter in fumigation of commodities as it influences the effective dosage (concentration x exposure time product) of the fumigant in the air.
Using these columns we studied the efficiency of gas penetration by gravity and circulation. All experiments were conducted at a constant temperature of 27 ± 0.5ºC. LC 50 and LC 90 values were calculated according to probit analysis (see Polo-PC, Le Ora Software, 1987).
Studies with Quarantine Insect
The tested insects were laboratory strains of B. tabaci (whitefly), F. occidentalis (thrips) and L. huidobrensis, which were reared on cotton or bean plants. For fumigation activity tests 1.5 l glass chambers were used. 20 adult insects of thrips and white fly or larvae of leaf miner were used for each replicate. Temperature during fumigation was 25°C, during phytotoxicity test -5 and 25 °C. Mortality tests were performed 3, 24 and 48h after treatment respectively. The data are after Abbot correction. Phytotoxicity was tested 7 days after treatment by levels: 0 -no phytotoxisity, 1 -low, 2 -medium, 3-high phytotoxicity.
For these studies essential oils from anise (Pimpinella anisum L.
, SEM-76 (Labiatae sp.) and essential oils constituents: carvacrol 99% (Aldrich), p-cymene 96% (Aldrich), 1.8-cineole 99% (Aldrich), eugenol 99% (Roth), isoeugenol 98% (Aldrich), dlimonene (Sigma), linalool 99% (KO), safrole 97% (Aldrich), α-terpineol 98% (Aldrich), γ-terpinen 95% (Aldrich), terpinen-4-ol 97% (Aldrich), were tested.
RESULTS
Studies with Stored Product Insects
A large number of essential oils and their constituents as fumigants against major stored product pest insects were screened (Tables 1 and 2 ). Two compounds isolated from two aromatic plants from Labiatae spp. were found as most active. In space fumigation these plant volatiles caused total mortality of adults at very low concentrations of 0.5-1.5 µl/l air and exposure time of 24 hours (Table 3) . T. castaneum showed the highest tolerance to all tested compounds. A little higher concentration of 2-4 µl/l air was needed to kill larvae of the tested insects (Table 3) .
Pilot tests with the most active oil and monoterpene from the Labiatae spp. were conducted in columns filled with wheat to 70% by volume. In order to obtain total mortality of the tested insects, a concentration of 50 µl/l air or 70 µl/l air was needed at exposure time of 7 and 5 days respectively (Table 4) . Addition of 15% CO 2 increased the activity of the oils and facilitated the penetration of these compounds in the fumigated grain (data not shown).
Studies with Quarantine Insects
By screening a large number of essential oils and their active components, extracted from aromatic plants, using fumigation chambers, we could be able to isolate a number of very promising compounds for the control of the common quarantine pests attacking cut flowers. The toxic effect of the essential oils on the various insects was different. Against the whitefly Bemisia tabaci and thrips Frankliniella occidentalis a low concentrations of 10 and 20 g/m 3 and exposure time of 2 and 4 hours respectively were needed to obtain 100% mortality (Table 5) . No phytotoxicity was observed 7 days after fumigation. For the control of the leaf miner Liriomyza huidobrensis and snails Xeropicta vestalis joppensis a higher concentrations of 50-60 g/m 3 were needed. The insecticidal activity of these compounds is depended not only on their concentration and exposure time, but on the temperature during fumigation too. In fumigation by Safrole thrips mortality at temperature of 30°C was 94% compared with only 30% at 20°C (data not shown). Phytotoxicity of these compounds is depended on the species and also on the varieties of the flowers. Thus, carnations were much sensitive to the treatment by essential oils compare with gypsophila (Table 6 ). Carnation variety `Duna` was more tolerance to essential oils fennel and anise compare with variety `Albin` (data not shown). Phytotoxic effect is also influenced by the temperature during fumigation and by storage conditions for the flowers, especially, cooling before and after treatment. Keeping the treated flowers at a low temperature prevented phytotoxicity effect. When carnation variety `Rendezvous` was kept after fumigation at 5°C no phytotoxicity was recorded, whereas at 25°C some oils and their constituents showed phytotoxic effect (Table 7) .
CONCLUSION
Aromatic plants are known to synthesize chemicals of secondary metabolic importance, mainly essential oils, which when isolated, are toxic to many insects but harmless to mammals and friendly to the environment. Their volatility and insecticidal efficiency make them good prospective alternative fumigants to methyl bromide for control of stored product insects and quarantine pests in cut flower. We also expect that this study will open new avenues for the use of essential oils in other fields of agriculture and veterinary medicine. Exposure time 1 day. No phytotoxicity was recorded 7 days after treatment except low phytotoxicity signed by * . Temperature during treatment was 25 ºC. Mortality was recorded: 3 h after treatment for whitefly, 24 h -for thrips, 48 h -for leaf miner. 1.5 l fumigation chambers were used. Temperature during fumigation and phytotoxicity tests was 25°C. Phytotoxicity was tested 7 days after treatment. 1.5 l fumigation chambers were used. Temperature during fumigation was 25 °C. Phytotoxicity was tested 7 days after treatment.
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